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Abstract 
A novel process of recycling ferric salt in Steel Spent Pickling Liquors (SPL) is reported in this paper which refers to the 
combination of vacuum evaporation and preparation of nano-sized iron oxide (α-Fe2O3) by precipitation method. This study 
investigates the effect of ammonia concentration, Fe2+ concentration, reaction temperature, stirring speed and calcine temperature 
on the preparation of α-Fe2O3 by single factor experiment and the optimal preparation conditions of preparing α-Fe2O3 by 
orthogonal experiment. The results show that the concentration of Fe2O3 in product is up to 98.87%, and the average crystal 
diameter is about 31.3nm under optimized technological conditions, which realized the highest recycling rate of Fe at 85.6%. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of Tsinghua University/ Basel Convention Regional Centre for Asia and the Pacific. 
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1. Introduction 
Steel Spent Pickling Liquors (SPL) is produced in the process of steel pickling, which is acidic and contains a large 
amount of ferric ion. Currently, the main acid cleaning agents such as hydrochloric acid, sulfuric acid, hydrofluoric 
acid and nitric acid are widely used during steel pickling process, among which, for ordinary steel, hydrochloric acid 
has gradually becoming the primary cleaning agent for the process of steel pickling1,2. There are more than 1×106 
m3/a pickling waste liquors produced in China3. The waste liquors contain a high concentration of iron (60-120g/L) 
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and can cause severe environmental damage if discharged without an appropriate treatmen4. In the small and 
medium-sized enterprises, the traditional treatment of SPL is outward delegation treatment and alkali neutralization 
treatment. Alkali neutralization treatment uses carbide slag or lime digestion products to react with the acid and 
metal ions in SPL, which generates the precipitate Fe (OH)2. With neutralization, flocculation, sedimentation and 
filtration, the treatment effect of this process is general, but needs a large amount of alkali and flocculant, along with 
the generation of a lot of sludge5, 6, 7. It is not only the issue of solid waste, but also a waste of resources. There are a 
large amount of ionic iron in the SPL which may serve as the ideal resource of the synthesis of inorganic iron salts 
and flocculant8. Alternatively, this iron can be converted to high quality iron powder or iron oxide by certain 
chemical or physicochemical method, such as sol-gel method, hydrolysis precipitation method, hydrothermal 
method, micro-emulsion method. The iron oxide powder prepared by this inexpensive SPL resource, nano-sized 
magnetic particles, especially, has wide range of application on magnetic recording materials and biological 
technology9. Among these methods, chemical coprecipitation process is the simplest and the most effective method 
for the preparation of nano-sized iron oxide. 
From the perspective of  analysis on various recycling  methods, compared with the widely used traditional 
treatment technologies at present, the preperation of  nano-sized iron oxide via SPL has the advantages of simple 
process,  small investment, low cost and high additional value of products. This paper aims at investigating  the 
available technique condition and process for the recycling of ferric salt in SPL to realize the source utilization of 
SPL. 
2. Materials and Methods 
(1) Apparatus: DK - S24 thermostatic water bath pot, JJ - 1 precision power electric blender, CR - 10 increasing 
oxygen pump, TDZ4B - WS low speed automatic balance centrifuge, PH0140 type incubator/drying oven, 4-12 tube 
electric resistance furnace, X 'Pert PRO X-ray diffractometer, JEM1200EX transmission electron microscopy (TEM). 
(2) Chemicals: All reagents including iron powder, ammonia liquor are analytically pure. The SPL sample was 
obtained from a steel factory in Haiyan, Zhejiang, China. The main chemical components are shown in Table 1. 
Table 1. The components of SPL (Density = 1193 g/L) 
 HCl Total Fe Fe2+ Fe3+ 
Molar concentration (M) 3.07 2.04 1.95 0.09 
 Mass concentration (g/L) 111.9 114.2 108.9 5.3 
Mass fraction (%) 9.38 9.57 9.13 0.44 
3. Experiment 
In preparing nano-sized iron oxide by the precipitation method, the iron salts reactants are usually FeCl3 , Fe(NO3)3, 
Fe2(SO4)3, FeCl2 and FeSO2; the precipitants have strong alkali NaOH, weak alkali ammonia, (NH4)2CO3, 
NH4HCO3, and (NH2)COONH4. Different combination of iron salts and precipitants will generate different kinds 
and forms of precursor of nano-sized iron oxide. Firstly, the reaction of ferrous salts such as FeCl2 and FeSO2 with 
precipitants can generate Fe (OH)2 colloids. Secondly, Fe (OH)2 can be oxidized to FeOOH under certain oxidizing 
condition. Finally, nano-sized iron oxide α-Fe2O3 can be prepared through calcination and dehydration. The 
reactions are as follows: 
Precipitation reaction: Fe2+ + 2NH3 ▪H2O o  Fe (OH)2 + 2NH+ 
Oxidation reaction: 4Fe (OH)2 + O2 o  4FeOOH + 2 H2 
Decomposition reaction: 2FeOOH oƸ  α- Fe2O3 + H2O 
SPL sample still contains a large number of hydrochloric acid; hydrochloric–water system has the same 
composition in both liquid phase and gas phase and the same boiling point when boiling at the same pressure. The 
boiling point of pickling waste liquor decreased with the increased vacuum condition. This paper chooses vacuum 
evaporation process to recycle the regenerated hydrochloric acid and ferrous chloride crystals before preparing 
nano-sized iron oxide (α-Fe2O3). The specific experimental procedure is as follows: (1) Evaporating SPL sample 
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under the process condition of vacuum degree 0.06, reaction temperature 88ć, and evaporation capacity 50%. (2) 
Adding 10 g 100 mesh iron powder into pickling waste liquor after evaporation in vacuum; water bath reaction for 2 
h at 60ć, and then adding polyacrylamide solution (mass fraction 1%) into the solution; The aliquots were stirred, 
flocculated and precipitated successively, to remove redundant iron powder and impurity. Then, we obtained the 
bright green solution after filtration. (3) Diluting the solution after treatment of step (2) with a certain initial 
concentration (180 g/L, 120 g/L, 90 g/L, 72 g/L and 60g/L) of Fe2+; Using ammonia (initial concentration 25%, 
12.5%, 5%, 2.5%, 1.25% and 0.5%) as the precipitant. Dropping the solution in ammonia at 2 drops/s in a 250-cc, 
three-necked, round-bottomed flask to react with the iron ions under the condition of constant temperature (20ć, 
40ć, 60ć and 80ć) water-bathing assisted with a mechanical stirrer (100 r/min, 300 r/min, 500 r/min and 700 
r/min). Then, we obtained Fe(OH)2 colloids. (4) Pumping in air with 1.2 L/min while the solution was precipitated 
fully through step (3), and stirred at the same time. (5) Centrifuging (4200 r/min) the solution after step (4), and 
washing the precipitate repeatedly 3 times with absolute ethyl alcohol. Finally, examine Cl- in supernatant with 
AgNO3 solution. (6) Roasting the precipitate for 2 h with a drying oven at 105ć to obtain yellow iron oxide 
(FeOOH). (7) After grinding, calcining (200ć, 400ć, 600ć and 800ć) the dry precipitate for 2 h with tube 
electric resistance furnace, finally, we obtained the final product α-Fe2O3. 
Based on the experiment described above, we confirmed the optimal initial ammonia concentration, initial 
concentration of Fe2+ in the parent liquor of preparing nano-sized α-Fe2O3, reaction temperature, stirring speed and 
calcine temperature, respectively, by single-factor experiment. This was followed by investigating the optimal 
process condition by L16(45) orthogonal experiment. Subsequently, according to the confirmed optimal process 
condition, nano-sized α-Fe2O3 was prepared and its characteristics were determined through X-Ray Diffraction 
(XRD) 10, particle diameter (Scherrer Equation) and Transmission Electron Microscopy (TEM). 
Table 2. Orthogonal factors and levels 
Factor 
A Ammonia 
concentration (%) 
B Stirring 
speed (R/min) 
C Oxidation 
time (min) 
D Reaction 
temperature (ć 
E Calcine 
temperature (ć 
1 5.00 300 15 20 400 
2 2.50 400 30 30 500 
3 1.50 500 45 40 600 
4 1.00 600 60 50 700 
4. Results and Analysis 
Under the conditions of vacuum evaporation, the recovery of regenerated hydrochloric acid is approximately 
50.83% (3.12 M, mass fraction 10.88%); the crystalizing amount of ferrous chloride is 17.11%. In the residual 
liquor after vacuum evaporation, the total Fe concentration is about 140 g/L, and the concentration of H+ is about 3 
M. 
4.1 Results analysis of single-factor experiment 
According to the results of single-factor experiment, ammonia concentration should be below 5%. The 
concentration of ferrous ions did not show significant effect on the content of α-Fe2O3, so it was determined as 
180g/L (after adding Fe powder with 100g/L); the reaction temperature is determined between 20~40ć; and the 
stirring speed is about 500r/min. When the calcine temperature is 600ćˈγ-Fe2O3 were approximately all converted 
to α-Fe2O3(as shown in Figure 1), so the calcine temperature can be controlled within 400-800ć. 
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Figure 1. XRD pattern of Fe2O3
4.2 Results from the analysis of orthogonal experiment.
As shown in Tables 3 and 4, the highest content of α-Fe2O3 is 99.59% in Test 3; the smallest diameter of crystal 
grain is 17.0 nm in Test 13; the highest recovery rate of Fe is 96.36% in Test 2. 
Table 3. Results of orthogonal experiment 
Test Test  condition 
Fe2O3 content 
% 
Size of crystal grain 
nm 
Recovery of Fe 
 % 
1 A1B1C1D1E1 97.82 65.4 93.13 
2 A1B2C2D2E2 98.41 71.2 96.36 
3 A1B3C3D3E3 99.59 68.6 91.07 
4 A1B4C4D4E4 98.21 102.4 83.07 
5 A2B1C2D3E4 98.22 63 56.77 
6 A2B2C1D4E3 99.20 59.3 60.80 
7 A2B3C4D1E2 99.00 23.9 53.20 
8 A2B4C3D2E1 95.08 24.8 50.62 
9 A3B1C3D4E2 98.01 25.2 23.08 
10 A3B2C4D3E1 96.86 22.5 24.01 
11 A3B3C1D2E4 97.81 53.8 27.08 
12 A3B4C2D1E3 98.02 21.8 35.50 
13 A4B1C4D2E3 95.24 17.0 8.04 
14 A4B2C3D1E4 95.32 26.7 9.81 
15 A4B3C2D4E1 94.37 28.5 7.85 
16 A4B4C1D3E2 96.01 18.8 8.09 
Table 4. Intuitive analysis of the orthogonal experiment 
Content of  Fe2O3 (%) A B C D E 
K1 98.507 97.323 97.710 97.540 96.032 
K2 97.875 97.448 97.255 96.635 97.858 
K3 97.675 97.692 97.000 97.670 98.013 
K4 95.235 96.830 97.328 97.448 97.390 
R 3.272 0.862 0.710 1.035 1.981 
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average size of crystal (nm)      
K1 76.900 42.650 49.325 34.450 35.300 
K2 42.750 44.925 46.125 41.700 34.775 
K3 30.825 43.700 36.325 43.225 41.675 
K4 22.750 41.950 41.450 53.850 61.475 
R 54.150 2.975 13.000 19.400 26.700 
Recover rate of Fe (%)      
K1 90.907 45.255 47.275 47.910 43.920 
K2 55.347 47.745 49.120 45.525 45.182 
K3 27.418 44.800 43.645 44.985 48.852 
K4 8.448 44.320 42.080 43.700 44.183 
R 82.459 3.425 7.040 4.210 4.950 
From Table 3, the test condition of the highest content of α-Fe2O3 is A1B3C1D3E3; the order of importance among 
5 factors on the effects of α-Fe2O3 content is ammonia concentration > calcine temperature > reaction temperature > 
stirring speed > oxidation time. The test condition of the smallest diameter of crystal grain is A4B4C3D1E2; the 
order among 5 factors on the diameter of crystal grain is ammonia concentration > calcine temperature > reaction 
temperature > oxidation time > stirring speed. The test condition with the highest recovery of Fe is A1B2C2D1E3; 
the order among 5 factors on the recovery of Fe is ammonia concentration > oxidation time > reaction temperature > 
calcine temperature > stirring speed. Ammonia concentration has the maximum influence on product’s 
characteristics, while stirring speed is the opposite. Through comprehensive consideration associated with practical 
situation, the optimal process condition was determined as ammonia concentration 4%, calcine temperature 600ć, 
reaction temperature 20ć, oxidation time 30 min, and stirring speed 500 r/min. 
4.3 Characterization of α-Fe2O3 prepared under optimal process condition 
The physical characteristics of nano-sized α-Fe2O3 prepared under the optimal process condition are shown in 
Table 5. The recovery of Fe is 85.6% and α-Fe2O3 content is 98.87%, which can reach gradeĊof the state industrial 
iron oxide standard11. 
Table 5. Characteristics of nano α- Fe2O3 
Project Index 
Fe2O3 content (%) 98.87 
Average size of crystal (nm) 31.3 
Suspension liquid pH 6~7 
Loss on drying (%) 0.11 

The typical XRD and TEM of nano-sized α-Fe2O3 prepared under the optimal process condition are given in Figure 
2.



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Figure 2. (a) XRD pattern of α- Fe2O3; (b) TEM pattern of α- Fe2O3 
From Figure 2(a), the d value of 2θ of XRD diffraction peek basically corresponds to hematite˄α-Fe2O3˅
standard pattern (JCPDS standard card 79-1741), so it can be confirmed as α-Fe2O3. 
The TEM representation of nano-sized α-Fe2O3 prepared under the optimal process condition are shown in Figure 3. 
From Figure 2(b), the diameter of α-Fe2O3 particles are almost within 10-70 nm, which belong to nanoscale, and is 
short-rod like.  
5. Conclusions 
(1) Based on the orthogonal experiment, the order of important factors affecting α-Fe2O3 content is ammonia 
concentration > calcine temperature > reaction temperature > stirring speed > oxidation time. The order for the 
factors affecting the diameter of crystal grain is ammonia concentration > calcine temperature > reaction 
temperature > oxidation time > stirring speed. The order of factors affecting recovery of Fe is ammonia 
concentration > oxidation time > reaction temperature > calcine temperature > stirring speed. Ammonia 
concentration has the maximum influence on product’s characteristics; whereas stirring speed showed the least 
effect. 
(2) Based upon this experiment, the optimal process conditions are determined as ammonia concentration at 4%, 
calcine temperature at 600ć, reaction temperature at 20ć, oxidation time for 30 min, and stirring speed at 500 
r/min. 
(3) Under the process condition of vacuum evaporation, the recovery of regenerated hydrochloric acid is about 
50.83% (3.12 M, mass fraction 10.88%); the crystalizing amount of ferrous chloride is 17.11%; the recovery of Fe is 
85.6%, and the content of α-Fe2O3 is 98.87%, which can reach gradeĊof state industrial iron oxide standard. 
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